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SMART  plant  and  TASS/SMR  code have  been  developed  by KAERI.
TASS/SMR  code  adopts  a drift  ﬂux  model  to  consider  relative  velocity  under  two-phase  condition.
Drift  ﬂux  model in  TASS/SMR  is validated  using  separate  effect  test  results.
Applicability  of  TASS/SMR  using  drift  ﬂux  model  for  SMART  LOCA  analysis  is conﬁrmed.
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a  b  s  t  r  a  c  t
Small  reactors  can  apply  to local  power  demands  or remote  areas.  SMART,  which  can  produce  90  MWe
of  electricity  and  40,000  tons/day  of sea-water  desalination  for a  100,000  population  city, is a  promis-
ing  advanced  integral  type  small  reactor.  The  thermal  hydraulic  analysis  code  with  a drift  ﬂux model,
TASS/SMR,  was  developed  for  a conservative  simulation  of  a small  break  loss  of  coolant  accident  in  SMART.
Taking  into  account  SMART-speciﬁc  inherent  characteristics,  the code  adopts  the  Chexal–Lellouche  cor-
relation  for  a drift  ﬂux model.  The  capability  of  TASS/SMR  code  is validated  using  the results  of the
experimental  data.  The  code  predicts  conservatively  the  void  distribution  compared  with  the  experi-
mental  data.  TASS/SMR  calculation  predicts  reasonably  major  phenomena  for  the  SBLOCA  and  is  more
conservative  than  or nearly  the  same  as the results  of  the  best  estimated  realistic  system  code,  MARS.
TASS/SMR  code  can be  used  for a SBLOCA  analysis  of  SMART.
 201©
. Introduction
Integral type small reactors have been highlighted as a promis-
ng option for various ways of nuclear energy (U.S. DOE, 2012; IAEA,
996). Small reactors can apply ﬂexibly to small power demands or
emote areas, and their modularized structures can save construc-
ion costs by allowing a factory assembly before being transported
o the sites. SMART (system-integrated modular advanced reactor),
hich can produce 90 MWe  of electricity and 40,000 tons/day of
ea-water desalination for a 100,000 population city, is a promis-
ng advanced integral type small reactor (KAERI and KEPCO, 2010).
t is an integral type reactor with a suited mixture of proven tech-
ologies and advanced design features. An enhancement of safety
nd reliability is realized by incorporating inherent safety improv-
ng features and reliable passive safety systems (IAEA, 2012; Park
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et al., 2008; Samoilov et al., 1996; Matzie et al., 1992). Licensing for
SMART’s standard design was approved by the Korean regulatory
organization.
A single reactor pressure vessel contains major primary compo-
nents such as a pressurizer, steam generators, and reactor coolant
pumps as shown in Fig. 1. The integrated arrangement of the reac-
tor vessel assembly can remove large size pipe connections, which
result in large break loss of coolant accidents (LOCAs). A modular
type once-through steam generator cassette consists of helically
coiled heat transfer tubes to produce superheated steam under nor-
mal  operating conditions. Other improved design features include a
canned motor reactor coolant pump, which has no pump seals, and
thus a loss of coolant associated with a pump seal failure is elimi-
nated. Four channel control rod position indicators contribute to a
simpliﬁcation of the core protection system and to an enhancement
of the system reliability. Furthermore, an advanced man-machine
interface system using digital techniques and equipment reduces
the human error factors, and consequently improves the plant reli-
ability.
Open access under CC BY-NC-ND license.The safety approach of SMART is based on a defense-in-
depth concept with an extensive use of inherent safety features
and passive engineered safety systems combined with proven
active systems. Engineered safety systems designed to function
icense.
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Table 1
Main  design parameters of SMART.
Parameters Design value
Core power 330 MWt
Core  inlet temperature 295.7 ◦C
Core  outlet temperature 323.0 ◦C
Pressurizer pressure 15.0 MPa
RCS  ﬂow rate 2090.0 kg/s
Main  steam pressure 5.2 MPa
(3)Fig. 1. Schematic diagram for the SMART reactor vessel.
utomatically on demand consist of a safety injection system (SIS),
 passive residual heat removal system (PRHRS), a shutdown cool-
ng system (SCS), and a containment system. The SIS is provided to
revent core damage during a SBLOCA. The core is protected during
 SBLOCA and covered by a large primary coolant inventory. When
he pressure drops below a setpoint, the SIS is actuated automati-
ally and cold water from IRWST is injected immediately into the
eactor coolant system. The PRHRS removes the core decay heat
nd sensible heat passively by a natural circulation in the case of
n emergency condition. The PRHRS consists of four independent
rains with 50% capacity each. Two trains are sufﬁcient to remove
he decay heat. The SCS is a safety-related system that is used in
onjunction with the PRHRS to reduce the temperature of the RCS
n the post shutdown periods from the hot shutdown tempera-
ure to the refueling temperature. The containment spray system
CSS) reduces the containment pressure and temperature from a
ain steam line break or loss of coolant accident, and removes ﬁs-
ion products from the containment atmosphere following a loss
f coolant accident (Table 1).
Under any circumstances, the reactor can be shutdowned by
nserting control rods or boron injection. A passive residual heat
emoval system, which connects to the feedwater and steam pipes,
emoves the decay heat and sensible heat by natural circulation of
 two-phase ﬂuid (Chung et al., 2008). The core can maintain an
ndamaged condition for 36 h without any action by the operator.
eactor vessel overpressure can be reduced through the opening
f the pressurizer safety valve at any design basis events. The char-
cteristics of the SMART design from a safety point of view are as
ollows: (1) The transient progresses slowly, which provides suf-
cient time for any actions by operators owing to the relatively
arge reactor coolant system (RCS) coolant inventory per unit core
ower. In particular, a large amount of coolant inventory between
he break location and the top of the core can protect the core for a
ong period after a small break LOCA. (2) The possibility of a large
reak LOCA is inherently eliminated owing to the integral arrange-
ent of the primary system. (3) The PRHRS passively removes theFeedwater temperature 200.0 ◦C
Average heat ﬂux 0.394 MW/m2
decay heat and sensible heat by a natural circulation during emer-
gency situations. (4) The design pressures of the secondary system
and PRHRS are 17 MPa, which is equal to the primary system design
pressure. Therefore, a radioactive material release does not occur
in the design basis accident of a steam generator tube rupture. (5)
The structural integrity of the reactor building is secured for a small
break LOCA and main steam pipe break owing to the large free
volume of SMART per unit power.
SMART conﬁrms its safety using a system analysis code, licensed
by a regulatory body. A system thermal hydraulic analysis code to
calculate design basis transients and accidents for SMART is devel-
oped considering the SMART safety design characteristics. The main
objective is to conﬁrm conservatism for void distributions using
experimental data and is to provide SBLOCA applicability of the
system analysis code, TASS/SMR (transient and setpoint simula-
tion/system integrated modular reactor) code. Validation of the
code is carried out through a comparison with the experimental
data or MARS code estimations under two-phase conditions.
2.  Conservation equations and drift ﬂux model
The TASS/SMR code has been developed for an analysis of design
based accidents in an integral type reactor reﬂecting the character-
istics of the SMART design mentioned in the introduction (Chung
et al., 2012). The code can simulate all relevant phenomena includ-
ing a small break LOCA that may  occur in a reactor coolant system.
To describe the thermal hydraulic behavior of SMART, conservative
models are adopted in the TASS/SMR code. The governing equa-
tions are mixture mass, mixture energy, and mixture momentum,
which take into account the drift ﬂux model to consider the velocity
difference between the steam and liquid velocities.
In general, homogeneous equations with a drift ﬂux model can
be applied for the simulation of a two-phase transient when the
velocity difference between the steam and liquid velocities is not
large. Also, a drift ﬂux model incorporated in the RETRAN-3D code
is one of the options to simulate a two-phase ﬂow (Maier and
Coddington, 1999).
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 = 1
m
[˛(shs + nhn) + (1 − ˛)lhl] (5)
m = 1
m
[˛(ses + nen) + (1 − ˛)lel] (6)
here , W, A, ˛, v, P, e, and h denote density, mass ﬂow, area, void
raction, velocity, pressure, internal energy and enthalpy, respec-
ively. Also, subscript m, r, g, n, and l denote mixture, relative, gas,
on-condensable and liquid, respectively. The above equations are
 homogeneous equilibrium when the relative velocity, vr, is zero.
he relative velocity is a function of the phase distribution param-
ter and drift velocity. In the drift-ﬂux model, the void fraction
s a function of the total and vapor superﬁcial velocities, j and jg,
hase distribution parameter C0, and drift velocity vgj. In this form,
he vapor production is included in jg, and the effect of the rel-
tive velocity between the phases is included in vgj. A drift-ﬂux
orrelation offers a procedure to calculate C0 and vgj.
 = jg
C0j + vgj
(7)
The TASS/SMR code has the drift ﬂux model to consider the rel-
tive velocity, which was proposed by Chexal–Lellouche (Chexal
t al., 1991).
0 = Fr · C0v + (1 − Fr) · C0h · [1 + ˛0.05(1 − ˛)2] (8)
gj = Frvgjv + (1 − Fr)vgjh (9)
here C0, and Fr denote a bubble concentration parameter and
 ﬂow orientation parameter, respectively. Subscription v, h, gjv,
nd gjh denote vertical, horizontal, vertical ﬂow drift and hori-
ontal ﬂow drift, respectively. The Chexal–Lellouche correlation is
 ﬂow regime independent drift ﬂux correlation. The correlation
as developed to ﬁt the void distribution over a wide range of
xperimental conditions, and depends on the void fraction and drift
elocity. It was developed to cover not only a full range of pressure,
ass ﬂux, and void fraction, but also different ﬂuid types. It has
een qualiﬁed against several sets of experimental data from the
est facilities (Coddington and Macian, 2002). It should be noticed
n the application range of the correlation because it was developed
sing dimensional variables. Under normal and accident condi-
ions, the thermal hydraulic conditions of SMART are very similar
o those of a commercial pressurizered water reactor with water
s the working ﬂuid. The hydraulic diameter of the SMART reac-
or coolant system is within the applicable range of the correlation.
hus, the Chexal–Lellouche correlation can be applied to an analysis
f SMART accidents.
.  Validations for mass distribution
A wide range of experimental void fraction data has been col-
ected and the capability to predict a void distribution of the
ASS/SMR code is validated using these data. The data covers
ressures of 0.1–10 MPa  and mass ﬂuxes of 1–2000 kg/m2 s, and
rovides information on void fractions in the reactor vessel under
mall break LOCA conditions for PWRs.
.1. KIT experiment
Boiling is a phenomenon encountered at different accident con-
itions during depressurization of the reactor coolant system, orFig. 2. Void distribution at 4.4 K subcooled condition (KIT test).
decreasing the coolant velocity in the heated elements. It affects
the heat transfer, void distribution, ﬂuid velocity, and so on. To
qualify the TASS/SMR modeling for this phenomenon, the KIT test
is employed. These tests represent the measurement of the aver-
age density of the ﬂuid in an electrically heated rod through the
method of -beam absorption (Kalitvianski, 2000). The experimen-
tal range was  4.4–11 MPa  in pressure, 43–172 W/cm2 in heat ﬂux,
and 340–2100 kg/m2 s in mass ﬂux. Figs. 2 and 3 show the void dis-
tribution along the axial length for nearly saturated (4 K subcool
at the inlet) and subcooled conditions (16 K subcool at the inlet),
respectively. The TASS/SMR code over-predicts the void fraction
slightly in the saturated boiling region, but does not predict it prop-
erly in the subcooled region, as shown in Fig. 3. The TASS/SMR code
calculates a void after the coolant reaches a saturation condition
because the code adopts a thermal equilibrium model. Generally,
the TASS/SMR slightly over-predicts the void fraction at the sat-
uration condition; however it does not predict properly a void0.0 0.2 0.4 0.6 0.8 1.0 1.2 1.4
0.0
0.2
V
Elevation (m)
Fig. 3. Void distribution at 16.5 K subcooled condition (KIT test).
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surizing rate, which results from the break ﬂow. As the pressure is
decreased, a ﬂashing occurs in the liquid region. Fig. 7 shows theFig. 4. Void distribution at 1 MPa and 0.049 kg/s (THETIS test).
.2. THETIS experiment
Level  swell experiments at pressures up to 4 MPa  were per-
ormed at the THETIS facility (Pearson, 1987). The test section was
 full size, electrically heated replica of a steam generating heavy
ater reactor fuel element. The 61 pin element was housed in the
hroud tube, which represented a reactor vessel tube. The test sec-
ion was pressurized with nitrogen and preheated by boiling water
n the cluster. An average void fraction between a pair of pressure
aps was calculated assuming that the measured pressure differ-
nce is only gravitational force. Thus, any friction or acceleration
as neglected. Figs. 4 and 5 show the void distribution at the test
ection for 1.0 MPa  in a pressure, 100 kW in electrical power, and
 MPa, 100 kW,  respectively. The TASS/SMR code predicts well the
ocation, where the void generation begins to appear. The code
dequately predicts the void distribution along the axial at high
ressure but slightly over-predicts the void distribution for value
igher of about 0.2 at low pressure.
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Fig. 5. Void distribution at 4 MPa  and 0.036 kg/s (THETIS test).Time (sec)
Fig. 6. Pressure distribution (GE swell test).
3.3. GE swell experiment
Void  fraction distribution and level swell phenomena have been
measured during blowdown tests (Findlay, 1981). The blowdown
test was  performed to investigate a basic blowdown phenomenon,
for example, critical ﬂow and liquid–vapor level swell. The impor-
tant parameters controlling void distribution and level swell are
the initial ﬂuid conditions, depressurization rate, break size, and
location. The vessel was  a saturated condition at 7.3 MPa  initially.
The water level was  at 40% of the vessel height, and the break
location was at 75% of the vessel. Note that the void fraction is
initially zero below the water level, and the blowdown was ini-
tiated by bursting the rupture disk at time zero. The transient is
characterized by a sharp pressure drop, as shown in Fig. 6, where
“H–F” is Henry–Fauske critical ﬂow model. A pressure dip between
0 and 2 s occurs because the steam is extracted from the upper
region, locally depressurizing the system. However, the code does
not predict these local phenomena and over-predicts the depres-void fraction at the middle part of the test section. As the blowdown
continues, the code predicts reasonably the void fraction behavior,
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Fig. 7. Void fraction at the middle part (GE swell test).
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the reactor is tripped at 635 s and decrease again after a natu-
ral circulation is developed at the PRHRS. From the break ﬂow
from the reactor vessel, the primary coolant expansion occurs. The
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Fig. 8. Mass ﬂow rate (VISTA-ITL SBLOCA).
hich increases after decreasing owing to a swelling of the mixture
evel.
.4. VISTA-ITL experiment
The  VISTA-ITL facility is an integral effect test facility installed
o simulate the primary and secondary systems as well as the
ajor safety-related systems of SMART (Park et al., 2012). The ref-
rence plant of the VISTA-ITL is a 330 MWt  integral type reactor,
MART. The VISTA-ITL facility can be applied to investigate various
hermal-hydraulic phenomena during a small break loss of coolant
ccident. For the safety injection (SI) pipe break LOCA test, the ini-
ial conditions of the primary and secondary systems were nominal
onditions. The reactor coolant system begins to be depressurized
hen a SI line is broken. As the pressurizer pressure reaches the
ow pressurizer pressure trip setpoint, the reactor trip signal is gen-
rated. With the reactor trip signal, the feedwater is stopped and
he reactor coolant pump starts to coastdown. The safety injec-
ion water is supplied by the safety injection actuation signal. Fig. 8
hows the break and safety injection ﬂow rate, which is normal-
zed by the maximum value of the experiment. The coolant begins
o discharge with a breaker open. The break ﬂow decreases gradu-
lly during the single phase steam blowdown and is lower than the
easurable ﬂow range at around 1700 s. The code over-predicts the
iquid and two phase break ﬂow rates, and calculates to decrease
ontinuously the single phase steam break ﬂow. From this calcula-
ion, it conﬁrms that the critical ﬂow model in the TASS/SMR code
s conservative. Fig. 9 shows the pressure behavior at the primary
ystem, which is normalized by the initial value of the experi-
ent. The pressure decreases rapidly during the single phase liquid
lowdown. The pressure decreases slowly as the coolant becomes
 two-phase condition. The code under-predicts the system pres-
ure after 500 s. It seems that the cause is excessive heat loss from
he reactor vessel after the reactor shutdown. Fig. 10 shows the
esults of assuming the heat loss is a function of the reactor power
nstead of a constant, which “TASS/SMR-base” is a base calculation
nd “TASS/SMR-modify” is a result of sensitivity calculation. The
ode predicts well the system pressure using the heat loss of the
eactor power function.
.  Plant application of TASS/SMRThe reactor coolant system of SMART consists of a reactor core,
eactor coolant pumps, steam generator cassettes, and a pres-
urizer as shown in Fig. 1. An ICI is an abbreviation of in-coreFig. 9. Pressurizer pressure (VISTA-ITL SBLOCA).
instrumentation in Fig. 1. The core and pressurizer are located
at the lower and upper parts of the reactor vessel, respectively.
The reactor coolant pumps and steam generators are symmetri-
cally arranged in the annular region between the reactor vessel
and core support barrel (KAERI and KEPCO, 2010). A safety injec-
tion pipe break accident, which has 50 mm  of inner diameter, is
performed using the TASS/SMR code. Also, the MARS code, which
is a best estimated system analysis code, simulates the same acci-
dent to improve the reliability of the TASS/SMR results (Jeong et al.,
1999). The initial and boundary conditions, and neutronic data are
used the same values to simulation the SBLOCA with TASS/SMR and
MARS codes.
The  safety injection pipe break accident, which occurs as a result
of thermal stress or cracking in the safety injection pipe, is a limiting
accident for a decrease in the reactor coolant system inventory
of SMART. A double-ended break is assumed to instantaneously
generate an accident. This causes an uncontrolled coolant release
from the broken pipe, which results in a rapid depressurization
of the reactor coolant system, and insufﬁcient heat removal from
the core as shown in Figs. 11 and 12 shows the primary coolant
temperature at the steam generator inlet. It decreases slowly until0 500 1000 1500 2000 2500 3000
Time (sec)
Fig. 10. Pressurizer pressure sensitivity (VISTA-ITL SBLOCA).
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ressure trip setpoint. The system pressure decreases continuously
fter the reactor is shutdown, as shown in Figs. 13 and 14 shows
he core collapsed water level. Although the safety injection pipe
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Fig. 13. System pressure (SMART plant).Fig. 14. Core collapsed water level (SMART plant).
break occurs, SMART can protect the core uncovery owing to a
large amount of the reactor coolant inventory and the supply of the
safety injection water. The PRHRS removes the heat generated in
the core and the primary system decreases monotonically after the
natural circulation ﬂow is established in the PRHRS. The TASS/SMR
code calculates properly phenomena related with the small break
LOCA, and the results of the TASS/SMR are more conservative than
or nearly the same as the results of the MARS code.
5.  Conclusions
The thermal hydraulic analysis code, TASS/SMR, was devel-
oped for a conservative simulation using a drift ﬂux model for a
small break loss of coolant accident in SMART. Taking into account
the SMART-speciﬁc inherent characteristics, the code adopted the
Chexal–Lellouche correlation for a drift ﬂux model. The capability
to predict a void distribution of the TASS/SMR code with a drift ﬂux
model is validated using the experimental void fraction data and
the VISTA-ITL experimental data for a small break loss of coolant
accident. It was  shown that the TASS/SMR code conservatively
predicted the void distribution compared with the experimental
results.
An analysis of a small break loss of coolant ﬂow accident was
conducted for the integral reactor, SMART, using the TASS/SMR
code. The results of the code reasonably predicted phenomena for
the SBLOCA and were more conservative than or nearly the same
as the results of the best estimate realistic system code, MARS.
The TASS/SMR code can be used for both the experiment simu-
lation and the SBLOCA analysis of the integral type reactor, SMART
and the code would improve to realistic simulation for the non-
homogeneous non-equilibrium state conditions.
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